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INTRODUCTION
In neurological diseases, such as Alzheimer's disease, Parkinson's disease, multiple sclerosis, and epilepsy, chronic neuroinflammation has been observed and often postulated as a central component in the disease progression. (Amor and Woodroofe, 2014, McGeer and McGeer, 2013) Microglial cells, the brain-resident macrophage cell type, constantly survey the brain parenchyma to maintain homeostasis. During neuroinflammation, microglia change into active phenotypes to enhance phagocytosis and secrete a plethora of factors critical for central nervous system (CNS) repair and regeneration. However, aberrant and prolonged activation of microglia can lead to brain degeneration and neuronal death rather than neuroprotection. (Gonzalez-Scarano and Baltuch, 1999) Interestingly, microglia are an active cell type that secretes abundant levels of extracellular vesicles (EVs), which are membrane-enclosed vesicles that include exosomes and microvesicles. (Fruhbeis et al. , 2013 , Joshi et al. , 2014 , Stevens et al. , 2007 EVs can be found in interstitial fluid, cerebrospinal fluid, (Vella et al. , 2008 ) circulating blood, (Suetsugu et al. , 2013) and primarily assert biological function through delivering cytokines, nucleic acids, lipids, and proteins to nearby or distant cells, suggesting that they play an important role in cell-to-cell communication. (Thery et al. , 2006) EV secretion is increased during neuroinflammation; our previous studies, along with others', have suggested that EVs fuel pathogenic processes in the brain during neuroinflammation. (Gupta and Pulliam, 2014 , Huang et al. , 2018 , Wu et al. , 2015 , Wu et al. , 2018 Propofol is a short-acting intravenous anesthetic agent that is widely used in surgeries. It is often the choice of medication for the starting and maintenance of general anesthesia or for the sedation of mechanically ventilated adults and patients undergoing diagnostic or invasive procedures. (Kochhar et al. , 2016) Like most anaesthetics, propofol is believed to work at least partly via a γ-aminobutyric acid (GABA) receptor. (Trapani et al. , 2000) Other mechanisms of action by propofol may include cannabinoid receptors. (Fowler, 2004) Increasing evidence from in vitro and in vivo studies indicates that propofol is able to modulate microglial activation and may assert anti-inflammatory effects. (Gui et al. , 2012 , Huang et al. , 2009 , Liu et al. , 2012 A C C E P T E D M A N U S C R I P T 4 Wang et al. , 2010) However, the mechanism underlying propofol-induced anti-inflammatory action remains to be fully elucidated.
In the present study, we investigated a novel EV-mediated mechanism that accounts for propofolinduced anti-inflammatory and neuroprotective effects in immune-activated microglial cells. We hypothesized that propofol exhibits its anti-inflammatory and neuroprotective effects through the down-regulation of immune-activated EV release. We found that the anti-inflammatory and neuroprotective effects of propofol can be reversed by the addition of EVs collected from immune activated microglia, suggesting that propofol reduces microglia activation and neurotoxicity through inhibition of EV release. Therefore, these studies support a new mechanism of propofol for the neuroprotective and immunomodulatory effects in the CNS.
METHODS

Cell Culture and Reagents
BV-2 microglial cells were purchased from the American Type Culture Collection (ATCC, Rockville, MD).
The neuroblastoma cell line Neuro2a (N2A) was obtained from the ATCC by Dr. Zeljka Korade as described and provided to us. (Korade et al. , 2009 ) Both cell lines were cultured in Dulbecco's modified Eagle's medium (Gibco, Gaithersburg, MD, USA) supplemented with 10% fetal bovine serum, 100 U/mL penicillin, and 100 μg/mL streptomycin in a humidified 95% air -5% CO2 incubator at 37°C. Propofol and lipopolysaccharide (LPS) were purchased from Sigma (St Louis, MO, USA). Propofol was dissolved in 0.1% methanol and protected from light throughout each experiment. For all propofol treatment groups, equal concentrations of methanol were used as vehicle controls.
Immunocytochemistry
The cultured cells were fixed in 4% paraformaldehyde for 20 min at room temperature and then incubated with methanol for 20 minutes at -20C. Fixed cells were blocked with 3% bovine serum albumin in PBS and then incubated with primary antibodies to CD11b (BD Biosciences, San Diego, CA), TuJ1 (Class III β-tubulin, Sigma), or MAP2 (Millipore, Billerica, MA, and Bio-Rad, Hercules, CA) overnight. At the second day, the cells were washed with PBS three times and incubated for 1 h at room temperature with the secondary anti-mouse IgG antibody (coupled with green dye, Alexa Flour 488, Molecular Probes, Eugene, Oregon). Nuclear DNA were labeled with 4', 6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich, St. Louis, MO) for 10 minutes after the secondary antibody at room temperature. Cover slips were mounted on glass slides with mounting medium (Sigma-Aldrich). For TUNEL assay, N2A cells were fixed and permeabilized with 0.5% Triton-X, and the apoptotic cells were determined by in situ cell death detection kit with Fluorescein (Roche, Basel, Switzerland, www.roche-applied-science.com) according to the manufacture's protocol. Fluorescent images were obtained using a Zeiss 710 Confocal Laser Scanning Microscope (Carl Zeiss, Oberkochen, Germany). All images were imported into Image-ProPlus, version 7.0 (Media Cybernetics, Inc., Rockville, MD, www.mediacy.com) for quantifying number of apoptotic cells. The assessors were blinded during image acquisition or quantification.
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Cell Viability BV-2 microglia cells were seeded in 12-well plates and grown overnight and then treated with 10, 30, or 100 μM propofol for 24 hours in the absence or presence of 10 ng/mL LPS. To determine the effect of propofol on cell viability, a colorimetric CellTiter 96 ® AQueous One Solution Assay, also known as the MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) assay, was performed based on the manufacture's instruction (Promega, Madison, WI) as previously described. (Huang, Li, 2018) Briefly, assays were performed by adding 10% (v/v) MTS and an electron coupling reagent (phenazine ethosulfate; PES) directly to culture wells, incubating for 1 hour, and then recording absorbance at 490nm with a 96-well microplate reader (Multiskan sk3; Thermo Lab Systems, Beverly, MA, USA).
Isolation of EVs
EVs were isolated from the serum-free culture medium of BV2 cells by a differential centrifugation protocol described previously using the same BV2 cells. (Suetsugu, Honma, 2013 , Wu, Huang, 2015 , Wu, Liu, 2018 Briefly, the supernatants were first centrifuged at 500 × g for 5 minutes to remove the free cells, followed by 2000 × g for 20 minutes to remove cellular debris, and then at 10,000 × g for 30 minutes to remove intracellular organelles. Lastly, EVs were collected by ultracentrifugation at 100,000 × g for 70 minutes at 4°C.
Nanoparticle Tracking Analysis (NTA)
The size and number of EVs were assessed with a NanoSight NS300 system (Malvern Instruments, Malvern, UK). BV2 cells were cultured in 12-well culture plates for 1 day before treatment with propofol. At 24 hours after treatment with propofol, EVs were isolated from normalized volumes of serum-free culture supernatants through differential centrifugation and resuspended with 60 μL phosphate buffered saline (PBS). The supernatant was diluted to 1:100 in PBS, and 1 mL of solution was used for NTA, which was performed at room temperature. Furthermore, the temperature was measured for each analysis and manually entered into the system. The software used for capturing and analyzing the data was NTA 2.2 Build 0381. Each sample was measured 5  60 seconds, and for each of these measurements a new portion of the sample was injected. The
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A C C E P T E D M A N U S C R I P T 7 result for each sample was presented as an average of the 5 measurements.
Real-time Polymerase Chain Reaction (PCR) Assays
Total RNA from the BV2 cells was isolated with TRIzol Reagent (Thermo Fisher Scientific, Waltham, MA) and RNeasy Kit (Qiagen Inc, Hilden, Germany) according to the manufacturer's protocol. Primers used for realtime RT-PCR included interleukin (IL)-1 (Assay ID Mm00434228), Tumor Necrosis Factor alpha (TNF-) (Assay ID Mm00443258), Nitricoxidesynthase2 (NOS2) (Assay ID Mm00440502), IL-10 (Assay ID Mm01288386), and GAPDH (Assay ID Mm99999915), which were purchased from Thermo Fisher Scientific. Real-time RT-PCR was performed using the 1-step quantitative TaqMan assay in a StepOne RealTime PCR system (Applied Biosystems). Relative IL-1, TNF, NOS2, and IL-10 mRNA levels were determined and standardized with a GAPDH internal control using a comparative ΔΔCT method. All primers used in the study were tested for amplification efficiencies and the results were similar.
Western Blot
Protein concentrations were determined by a Bradford protein assay. Sodium dodecyl sulfate polyacrylamide gel electrophoresis was performed to separate proteins from whole-cell and EV lysates, using M-PER mammalian protein extraction reagent (Thermo Fisher Scientific). After electrophoretic transfer to polyvinyl difluoridene membranes (Millipore), the membranes were incubated overnight at 4 °C with polyclonal antibodies for tissue transglutaminase (tTG, Neomarkers, Fremont, CA, USA), and flotillin-2 (Cell Signaling Technology, Danvers, MA, USA), followed by horseradish peroxidase-linked secondary antirabbit (1:5000) or antimouse (1:10 000) secondary antibodies (Cell Signaling Technology). Antigen-antibody complexes were visualized by Pierce ECL Western Blotting Substrate (Thermo Fisher Scientific). For quantification of the data, films were scanned with a CanonScan 9950 F scanner (Ota, Tokyo, Japan) and images were analyzed using the public domain NIH ImageJ program (http://rsb.info.nih.gov/nih-image/).
MAP2 ELISA
N2A cells were plated in 96-well plates at concentrations of 2 X 10 4 cells per well. MAP-2 neuronal antigen was determined using colorimetric ELISA as described previously. (Constantino et al. , 2011 , Huang et al. , 2011 A
Briefly, N2A cells were blocked with 3% normal goat serum in phosphate buffered saline and incubated for 1 hour with antibodies against MAP-2 (Millipore), followed by anti-mouse biotinylated antibody (VECTOR Laboratories) for 30 minutes. Avidin/biotin complex solution (VECTOR Laboratories) was added for 30 minutes, then color was developed using TMB substrate (Sigma-Aldrich) and terminated with 1 M H2SO4 (Sigma-Aldrich).
The absorbance was read at 450 nm using a microplate reader (Bio-Rad Laboratories, Hercules, CA). N2A culture wells in the same plate that had undergone the same procedure but were incubated without anti-MAP-2 primary antibody were used as negative control and for background subtraction.
Statistical Analysis
Data were evaluated statistically by the analysis of variance, followed by Tukey's test for multiple comparisons.
Data were shown as mean ± SD. The asterisk (*) and double asterisk (**) denote p < 0.05 and p < 0.01, respectively, compared with control. The pound sign (#) and double pound sign (##) denote p < 0.05, p < 0.01, respectively, compared with the LPS-treated groups.
RESULTS
Propofol Inhibits Immune Activation of Microglia
To determine the effect of propofol on the innate immune activation in the brain, we used a BV2 cell line to model the microglia. The BV2 cells were characterized by CD11b expression, with more than 95% of cells in the culture positive for CD11b ( Supplementary Fig 1) . We treated BV2 microglial cells with 10, 30, or 100 μM propofol for 24 hours either in the absence or presence of LPS. Propofol treatment at these doses did not significantly change BV2 cell viability ( Supplementary Fig 2A) . Similarly, same doses of propofol treatment did not affect the viability of LPS-activated microglia ( Supplementary Fig 2B) . Subsequent experiments were performed with propofol at the treatment concentration of 30 μM, which is consistent with the reported 95 % effective concentration of propofol for loss of consciousness in the clinic. (Smith et al. , 1994) We determined the expression levels of inflammatory and anti-inflammatory genes after LPS and propofol treatment. LPS treatment induced significantly higher expression levels of classically activated (M1) microglial genes, which included IL-1, TNF-, and nitric oxide synthase 2 (NOS2) (Fig 1A-C) . In contrast, LPS treatment induced significantly lower expression levels of alternative activated (M2) microglial genes such as IL-10, CD206, and Ym1 (Fig 1D-F) . Therefore, propofol treatment induced opposite gene regulation compared to LPS.
To determine the effects of propofol on immune-activated microglia, we pre-treated microglia with propofol and then added LPS (10 ng/ml) for 24 hours. Because microglia regularly patrolling CNS environment and are potent inducers of inflammation after LPS treatment, we used pretreatment to see the maximum benefit of proposal. Propofol pretreatment dose-dependently decreased the expressions of M1-specific marker genes including IL-1, TNF, NOS2, and increased M2-specific genes IL-10, CD206, and Ym1 in LPS-activated microglia (Fig 1G-L) . Together, these data suggest that propofol tempers the inflammatory phenotype of microglia after LPS activation.
Propofol Inhibits Activated Microglia-mediated Neurotoxicity
To determine whether the alteration of the microglia inflammatory phenotypes is associated with neuroprotective effects, we tested the neurotoxic potential of propofol-treated microglial cells using a
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A C C E P T E D M A N U S C R I P T 10 previously established assay. (Huang, Zhao, 2011 , Wu, Huang, 2015 N2A cell line was originally developed from a neuroblastoma. Upon differentiation, N2a cells predominantly expressed neuronal markers TuJ1, which is a marker for immature postmitotic neurons ( Supplementary Fig 3) . Fewer number of N2A cells also expressed MAP2, which is a marker for mature neurons (Supplementary Fig 3) . We obtained supernatants from LPS-activated microglia with and without propofol pretreatment and used the cell-free supernatants as conditioned medium (microglia-conditioned medium) to treat the N2A neuronal cell line for neurotoxicity. As a positive control for the neurotoxicity assay, glutamate treatment significantly decreased neuronal viability (Fig. 2), consistent with previous reports. (Choi et al. , 1987, Finkbeiner and Stevens, 1988) Conditioned medium from LPS-stimulated microglia significantly reduced neuronal viability. Furthermore, pretreatment with propofol rescued the neurotoxicity by LPS-activated microglia conditioned medium (Fig. 2) , indicating that activated microglia mediates neurotoxicity through soluble factors and propofol is able to abrogate this neurotoxic pathway.
Propofol Reduces EV Release From LPS-stimulated Microglia
To determine the mechanism(s) of anti-inflammation by propofol, we investigated the roles of EV in this process. To quantify EV release, we isolated EVs from serum-free culture supernatants through differentiation centrifugation method as we previously described. (Huang, Li, 2018 , Wu, Huang, 2015 We resuspended the EV pellets in PBS and characterized EV markers and sizes/concentrations through Western blotting and NTA tracking analysis, respectively. Western blotting determination revealed the presence of the EV markers flotillin-2 and tissue transglutaminase (tTG) in the protein lysates derived from the EV pellets (Fig. 3A) . These two markers are known to be active components of EVs. (Antonyak et al. , 2011 , Oksvold et al. , 2014 In addition to the EV markers, we have extensively tested levels of subcellular organelles, including markers PMP70 (for peroxisome), LAMP-1 (for lysosome), and VDAC (for mitochondria) and found that they were not detectable in our EV lysates in Western blots (Supplemental Figure S4 ). To ensure that EVs were isolated from the same amount of cells, we also determined -actin levels in whole cell lysates. -actin levels were comparable among all treatment group. Quantification of flotillin-2 and tTG in EVs against -actin in whole ACCEPTED MANUSCRIPT
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11 cell lysates identified that LPS dramatically increased the levels of flotillin-2 and tTG in the EV lysates, confirming that immune activation increases EV biogenesis in BV2 microglia (Fig. 3B, C) . Furthermore, propofol treatment significantly decreased the protein levels of flotillin-2 ( Fig 3B) and tTG (Fig 3C) in the EVs isolated from the LPS-stimulated microglial cells. Consistent with the Western blots, NTA tracking analysis revealed that LPS or propofol treatment did not change the sizes of EV but more specifically changed the concentrations of EVs (Fig. 3D-F) . Quantification of EVs revealed that the concentration of EVs was upregulated by the LPS by nearly 65%, and propofol reversed the LPS-induced EV release from BV2 cells (Fig   3D, F) . The aforementioned experiments were performed using propofol pretreatment. To determine whether propofol has similar effects when it is used in treatment after LPS activation, we performed additional experiments and found that post-treatment with propofol also reduces flotllin-2 and tTG in EV lysates (Supplemental Figure S5A -C), and decrease EV particle concentrations (Supplemental Figure S5D -F),
suggesting that treatment with propofol after LPS activation is able to reduce EV release from microglia.
Propofol Inhibits LPS-stimulated Inflammatory Responses in Microglia Through Reduction of EV Release
To determine the roles of EV on propofol-mediated anti-inflammatory response in microglia, we investigated whether the anti-inflammation effects of propofol could be reversed by the addition of EVs isolated from immune-activated microglia. We collected EVs from LPS-stimulated BV2 microglial cells and used NanoSight to quantify EV concentrations. The resuspended EVs were adjusted in sterile PBS to the concentration of 5 x 10 10 particles/ml and were added to the treatments groups along with LPS and propofol. The choice of this concentration of EVs is based on the levels of EV reduction caused by propofol treatment in Fig. 3 . Thus, the final concentration of EVs in the treated BV2 microglial culture was 1 x 10 7 particles/ml including the control.
After the EV treatment, propofol-mediated downregulation of M1 marker genes (Fig 4A-C) and upregulation of the M2 marker gene (Fig 4D) was reversed, supporting the notion that propofol asserts anti-inflammation effects in activated microglia through the reduction of EV release.
Propofol Reduces Microglia-mediated Neurotoxicity Through Reduction of EV
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To investigate whether the neuroprotective effect by propofol is dependent on the reduction of EV release, we collected EVs from LPS-stimulated BV2 cells and added them to the experimental groups at the same final concentration of 1 x 10 7 particles/ml as in Fig. 4 . In the absence of LPS, the EV treatment did not significantly alter microglia-mediated neurotoxicity toward N2a cells (Fig 5A) . In contrast, EV treatment specifically reversed propofol-mediated neuroprotection by LPS-stimulated microglia. To more specifically target MAP2-positive neurons in N2A cultures (Supplemental Figure S3 ), we used a MAP2 ELSIA to quantitatively determine neuronal survival after LPS and propofol treatment. Propofol reversed neurotoxicity caused by LPSactivated microglia conditioned medium. However, such protection can be blocked by addition of EVs to microglia cultures before the collection of conditioned medium (Fig. 5B) . Furthermore, LPS-activated microglia appear to induce TUNEL-positive cells in the cultures, which can be exacerbated by addition of EVs to microglia cultures before the collection of conditioned medium. Together, our data suggest that propofol pretreatment reduces activated microglia-mediated neurotoxicity by decreasing EV release.
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DISCUSSION
Propofol is one of the most commonly used IV drugs for the induction and maintenance of anesthesia, both during surgical procedures and during critical care sedation in intensive care units. It is used in more than 50 countries and in approximately 75% of all surgeries. Here, we study the effect of propofol other than its anesthetic properties and report that in the presence of LPS, propofol is able to reduce EV release from microglia. The decrease in EV release helps rein in neuroinflammation and reduce microglia-mediated neurotoxicity. To the best of our knowledge, no study has investigated the alteration of EV release as a possible action of propofol. Our observations reveal a novel mechanism by which propofol may use to assert antineuroinflammation and neuroprotective effects. EVs contain proteins, lipids, and microRNAs that can mediate various signaling functions. (Mathivanan et al. , 2010 ) EV release can be modulated by reactive oxygen species, (Blanc et al. , 2007) inflammation, (Bianco et al. , 2005) and by ATP. (Savina et al. , 2003) Our previous work found that immune activation induced by LPS or TNF- can increase EV release from microglia and astrocytes, (Wang, Ye, 2017 , Wu, Huang, 2015 , Wu, Liu, 2018 ). In the current study, we used LPS as the inflammation-inducing agent for the microglia.
Importantly, propofol markedly decreased LPS-mediated EV release in microglia, which was documented and supported by both NTA and by Western blotting analysis of EV markers. Addition of EVs can partially reverse propofol-mediated anti-neuroinflammation and neuroprotective effects in microglia, suggesting that propofol decreases microglia activation and exerts neuroprotection, at least in part, by downregulating EV release.
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Because EVs are abundantly expressed in the CNS and EV release is not limited to microglia, it is tempting to speculate that propofol-mediated quantitative changes of EVs may have broader implications to the CNS than neuroinflammation and neuroprotection. Indeed, the reduction in EV release by propofol is not only observed in LPS-stimulated microglia, in un-stimulated microglia in the current study, but also observed in cultured fetal human astrocytes (data not shown). Therefore, propofol's downregulation of EVs might be linked to its anesthetic and extra-anesthetic properties. These possibilities are beyond the scope of this paper but strongly warrant future investigations.
In the CNS, inflammation is typically initiated by the action of microglial cells. These tissue macrophages are able to respond to endogenous or exogenous stimuli and demonstrate both pathogenic and protective roles. (Boche et al. , 2013) Upon appropriate stimulation, classically activated, pro-inflammatory (M1) macrophages serve as one of the first lines of defense from cells of innate immunity. In many experimental models, the M1 response is characterized after exposure to bacterial-derived products such as LPS. (Liu et al. , 2017, Martinez and Gordon, 2014) In this study, LPS was used to activate microglia, which responded by producing M1-associated genes such as IL-1β, TNF-, and NOS2. We found that propofol dosedependently inhibits LPS-induced M1 gene expressions and promotes M2 gene expressions. For chronic brain injury, resident microglia become polarized toward a pro-inflammatory (M1) phenotype, which increases proinflammatory cytokine production, antigen presentation, and expresses high levels of inducible nitric oxide synthases for NO production. (Martinez and Gordon, 2014) These microglia phenotypes are considered detrimental to the homeostasis of the brain. In contrast to M1, alternative (M2) phenotypes (Stein et al. , 1992) induce expression of anti-inflammatory cytokines IL-4, IL-10, IL-13, and TGF-β, which is critical for brain repair and regeneration. (Sica and Mantovani, 2012) Notably, propofol did not rescue 100% neuronal death in the initial viability assay or block IL-1 expression by LPS stimulation, raising the possibility of an EVindependent mechanism of inflammation response. This propofol effect on EVs and the potential mechanism to modulate microglia immunity may be exploited to favor tissue repair in neurological diseases.
In summary, our studies indicate that propofol can alter EVs, suggesting that this may be one aspect of Results are representative of three independent experiments. Asterisk (*) and double asterisk (**) denote p < 0.05 and p < 0.01, respectively, compared to the vehicle control. The pound sign (#) and double pound sign (##) denote p < 0.05 and p < 0.01, respectively, compared to the LPS group. 
